The efficacy of intracellular binding of hammerhead ribozyme to its cleavage site in target RNA is a major requirement for its use as a therapeutic agent. Such efficacy can be influenced by several factors, such as the length of the ribozyme antisense arms and mRNA secondary structures. Analysis of various IL-2 hammerhead ribozymes having different antisense arms but directed to the same site predicts that the hammerhead ribozyme target site is present within a doublestranded region that is flanked by single-stranded loops. Extension of the low cleaving hammerhead ribozyme antisense arms by nucleotides that base pair with the single-stranded regions facilitated the hammerhead ribozyme binding to longer RNA substrates (e.g. mRNA). In addition, a correlation between the in vitro and intracellular results was also found. Thus, the present study would facilitate the design of hammerhead ribozymes directed against higher order structured sites. Further, it emphasises the importance of detailed structural investigations of hammerhead ribozyme full-length target RNAs.
INTRODUCTION
The inactivation of gene function by reverse genetics is important for elucidating the function of a particular gene and could also have a great impact upon the treatment of infectious and other diseases based upon aberrant gene expression. Hammerhead ribozymes have been synthesised for various target sequences and have been shown to have catalytic activity in vitro and in some cases also in the cell (1) (2) (3) (4) (5) (6) (7) . Interestingly, hammerhead ribozymes directed against mouse tumour necrosis factor-α (TNF-α) can be delivered in a drug-like manner to mice with the use of cationic liposomes (8) . Administered hammerhead ribozymes were taken by peritoneal cells. When mice were injected with LPS, a process that induces TNF-α gene expression, the TNF-α protein synthesis was significantly blocked, indicating for the first time that systemic injection of hammerhead ribozymes is possible. This type of delivery can even be targeted to specific cell types. However, despite an increasing number of successful studies based on general rules for antisense sequences, the design of a hammerhead ribozyme that can cleave its target in the cell while maintaining a high turnover is still under investigation.
The difficulties in establishing versatile roles for hammerhead ribozyme design may arise from the lack of knowledge of the potential cellular factors that affect intracellular hammerhead ribozyme catalysis. Such catalysis can be affected by a number of potential factors such as the ability of hammerhead ribozymes to co-localise with target RNA, the accessibility of target sites, mRNA secondary structures and the effect of cellular proteins upon RNA catalysis (9) (10) (11) (12) (13) (14) .
Kinetic models for hammerhead ribozyme actions and thermodynamic parameters analysis predict that hammerhead ribozymes with short antisense arms have a high turnover when compared to their counterparts with long arms (15, 16) . However, there are cases where hammerhead ribozymes with long antisense arms were found to be more active in the cell when compared with shorter derivatives (17) . In this connection, we have noted that an IL-2 hammerhead ribozyme with 16 nucleotides (nt) was significantly less active when compared with hammerhead ribozymes having 21 or 27 nt antisense arms (14) . In the case of a hammerhead ribozyme with 14 nt (the C of the GUC triplet is not included) as antisense arms, a significant correlation between various hammerhead ribozyme concentrations and their intracellular activities was not found. Furthermore, experimental evidence indicates that the hammerhead ribozyme was delivered to the cell, since 5′ end-radiolabelled short target RNA was efficiently cleaved by total RNAs prepared from cells transfected with the hammerhead ribozyme (unpublished data). Thus, these observations would suggest that the structure of the target IL-2 mRNA may be responsible for the limited activity of the hammerhead ribozymes with short antisense arms. In order to both understand this phenomena and to determine whether a shortened version of IL-2 hammerhead ribozyme could be designed that would block IL-2 gene expression, a further analysis of the cleavage activity of various IL-2 hammerhead ribozymes in vitro using different IL-2 target RNAs, and their intracellular potencies were performed. Experimental data suggested that an important part of the chosen IL-2 site (11 nt) is present within a double-stranded RNA region which limited the ribozyme binding. Extension of the hammerhead ribozyme antisense arms with nucleotides that base pair with the single-stranded regions was found to facilitate its binding to longer RNA substrates and hence its cellular activity. 
MATERIALS AND METHODS

IL
Hammerhead ribozyme sequences
Hammerhead ribozyme RNAs were synthesised by in vitro transcription using DNA oligodeoxynucleotides as templates. The Rz14, Rz15 and Rz18 were designed to begin and end precisely at the end of the antisense portions as indicated above. Rz14 was also synthesised chemically.
Rz14: 5′-CAAUGCAACUGAUGAGUCCGUGAGGACGAAACAGGA-3′; Rz15: 5′-GCAAUGCAACUGAUGAGUCCGUGAGGACGAAACAGGA-3′; Rz18: 5′-GCAAUGCAACUGAUGAGUCCGUGAGGACGAAACAGGAGUU-3′; Rz(Gaa): 5′-GCAAUGCAACUGAUGAGUCCGUGAGGACGAAACAGGAGaa-3′; Rz(aaa): 5′-CAAUGC-AACUGAUGAGUCCGUGAGGACGAAACAGGAaaa-3′.
The hammerhead core sequence is underlined. Bold letter correspond to nucleotides that enhance ribozyme binding to longer substrates. Lower case letters correspond to nucleotide that do not base pair with the IL-2 target site. Non-cleaving hammerhead ribozymes were made by deleting the G12 from the catalytic core of the ribozyme. For numbering see Hertel et al. (18) .
RNA substrates
The 15 nt target RNA (5′-UCCUGUCUUGCAUUG-3′) was synthesised by Phil Hendry (CSIRO, Sydney, Australia). Deoxyribonucleotide is underlined in this sequence. The 500 nt target RNA was synthesized by in vitro transcription using a PCR amplified product. Briefly, total RNA prepared from PHA stimulated peripheral blood mononuclear cells was reverse transcribed using an IL-2 specific primer (5′-TCAAGTCAGTG-TTGAGATGATG-3′), and PCR amplified using a second primer specific for IL-2, having at its 5′ end the T7 promoter top strand (5′-TAATACGACTCACTATAGTTTAATCACTACTCACAG-TAA-3′). The expected amplified product (520 base pairs) was purified and in vitro transcribed using the T7 RNA polymerase. The 809 nt target RNA corresponding to approximately the full-length of IL-2 mRNA was also generated by in vitro transcription using IL-2 cDNA kindly provided by Dr Alain Mir (CSIRO, Sydney, Australia). Both targets were cleaved by the ribozyme at the expected site. In the case of the 809 target RNA, two fragments of 82 nt (5′P) and of 727 nt (3′P) were generated, while the 500 nt target RNA generated a 62 nt (5′P) and a 438 nt (3′P) following ribozyme cleavage. The 15 nt substrate was labelled on its 5′ end using [γ-32 P]ATP and polynucleotide kinase, while longer substrates were internally labelled with [α-32 P]ATP during in vitro transcription.
In vitro hammerhead ribozyme cleavage activity
Cleavage reactions were carried out at 37_C in buffer containing 50 mM Tris-HCl, pH 7.4 and 10 mM MgCl 2. In the case of multiple turnover experiments, the samples were removed at specified times, quenched by adding an equal volume of 40 mM EDTA, 80% formamide, 0.1% bromophenol blue and 0.1% xylene cyanol and quickly frozen at -20_C until analysis. Cleavage products were separated by electrophoresis on a 15% or a 6% polyacrylamide gel containing 7 M urea. Products were quantified by PhosphorImager (FUJIX BAS 1000) using TINA program.
Competition experiments
For each experiment two identical reaction mixtures were prepared containing the 5′ end-labelled 15 nt target substrate (20 nM) and the hammerhead ribozyme (1.5 nM) in reaction mixture containing 50 mM Tris-HCl, pH 7.4 and 10 mM MgCl 2 . A 20-fold excess of unlabelled substrate RNA was added to one of the reactions and the incubation was continued. At specified times, 10 µl samples were removed and quenched by adding an equal volume of 40 mM EDTA, 80% formamide, 0.1% bromophenol blue and 0.1% xylene cyanol. Products were separated by electrophoresis on a 15% polyacrylamide gel containing 7 M urea and quantified as above.
In the cell activity of IL-2 hammerhead ribozymes
The in vitro transcribed and gel purified test molecules were delivered to 10 5 peripheral blood mononuclear cells (PBMC) in 100 µl of complete medium (RPMI +10% FCS) by the use of cationic liposomes (DOTAP) at 25 µg/ml as recommended by the manufacturer (Boehringer Mannheim, Germany). Following 6 h transfection time, the cells were stimulated with phytohemagglutinin (PHA) at 5 µg/ml for a period of 12 h, and subsequently the supernatants were collected. Their growth-promoting activity was determined by using an IL-2 dependent mouse cell line (CTLL-2) as described previously (11) as well as by ELISA as recommended by the manufacturer (Genzyme, Diagnostic).
RESULTS AND DISCUSSION
Comparative cleavage activity of various IL-2 hammerhead ribozymes upon short and long target RNA substrates
An important feature of synthetic hammerhead ribozymes is the length and base composition of their antisense arms. For turnover reasons, this length is usually chosen to be 8 or 7 nt on either side, so dissociation and a complete catalytic cycle can occur properly (15, 19) . Based upon the study by Herschlag (19) the free energy of RNA duplex formed between hammerhead ribozyme and its target RNA should be less than -16 kcal/mol for efficient catalytic cycle. From this prediction it would appear that U and/or AU rich hammerhead ribozymes are more desirable than GC-rich hammerhead ribozymes, since the latter reach a ∆G of -16 kcal with only a few base-pairs. In addition to the above prediction one hypothesis is that pyrimidines are more likely to be exposed within the mRNA secondary structure, and therefore are suitable sites for targeting. Despite these assumptions we noted that the intracellular activity of hammerhead ribozymes having 14 to 16 nt antisense arms and targeted to a chosen IL-2 site with high pyrimidine content was poor compared to hammerhead ribozymes with longer antisense arms (14) . In order to clarify this phenomena we therefore further analysed the cleavage activity of newly designed IL-2 hammerhead ribozymes Rz14, Rz15 and Rz18 with 14, 15 or 18 nt antisense arms, respectively, to cleave both a 15 and a 500 nt target RNA (Fig. 1A-D) . Under multiple turnover reactions the Rz14 cleaved the 15 nt substrate at 37_C with high efficiency (Fig. 1A and B) . In contrast, and despite its well behaved structure, it was found to be much less active against the 500 nt target RNA (Fig. 1C and D) . Interestingly, under the same conditions both the Rz15 and Rz18 showed a strong cleavage activity towards the 500 nt target RNA as compared to Rz14 (Fig. 1C and D) . The simplest explanation for this finding is that the 5′G or 5G′ and 3′GUU present in Rz15 or in Rz18, respectively, facilitate the cleavage of the 500 nt target RNA in vitro.
The low intracellular activity of IL-2 hammerhead ribozymes with short antisense arms as compared to the hammerhead ribozyme with longer antisense arms was previously explained by the skewed base composition of the IL-2 site, since it contains 12 pyrimidines within 16 nucleotides, and since the hammerhead ribozyme with short hybridizing arms was found to cleave in vitro a 5′ end-labelled 15 nt target RNA with a maximum activity at 33_C, despite its predicted T m of 40_C. These results suggested that in the cell the RNA/RNA duplex formed by, for example, Rz14 and the chosen IL-2 target RNA will not be sufficiently stable to allow the cleavage step to occur. However, if this prediction turns out to be the case, lowering the temperature from, for example, 37_C to 33_C, would enable the Rz14 to additionally cleave the 500 nt target RNA, since the 15 nt and the 500 nt contain identical RNA sites. Unfortunately, lowering the temperature to 33_C did not increase the efficacy of Rz14 to cleave the 500 nt (data not shown). This indicates that the relative stability of the hammerhead ribozyme/substrate duplex as predicted from in vitro experiments, using a short 15 nt target RNA, cannot be responsible for the low activity of IL-2 hammerhead ribozymes with short antisense arms in the cell.
In the next set of experiments, we have investigated whether the same phenomena would apply to the full length target IL-2 mRNA (809 nt). As shown in Figure 2A and B, the Rz14 was inefficient at cleaving, the full length target mRNA as compared to Rz15 and Rz18. Again lowering the cleavage temperature did not increase the Rz14 cleavage activity.
The data presented above suggest that the 500 nt and the 809 nt may adopt alternative conformations that prevent the binding of the Rz14, but not other hammerhead ribozymes, especially the Rz18. This problem is of particular relevance to gene inactivation where the ribozyme sites are usually present within longer RNAs. The intramolecular interactions of the IL-2 site with other parts of the mRNA are more likely to take place with the neighbouring sequences, since the same cleavage results were obtained with the 500 nt and the 809 nt target RNAs.
To confirm that the binding of the Rz14 with the 500 or 806 nt was slow compared to Rz15 and Rz18, inhibition experiments of the Rz14 to cleave the 5′ end-labelled 15 nt target RNA using excess of unlabelled 15, 500 or 806 nt as competitor, were performed under multiple turnover reactions (Fig. 3A) . Excess of unlabelled 15 nt RNA significantly inhibited the 5′ end-labelled 15 nt cleavage. In contrast, excess of the 500 nt or the 809 nt target RNA was unable to compete the 5′ end-labelled 15 nt cleavage. Notably, in the case of Rz18, all substrates competed significantly with the 5′ end-labelled 15 nt cleavage (Fig. 3B) . The same RNA substrates competed with the Rz15 to cleave the 5′ end-labelled 15 nt target RNA (data not shown). These results further indicate that in solution both Rz15 and Rz18 bind more effectively to longer RNAs as compared to Rz14. Furthermore, the inability of longer target substrates to inhibit the 5′ end-labelled 15 nt target RNA cleavage by Rz14 supports the notion that at least 15 nt of the IL-2 target site should be masked by secondary and/or tertiary structure, since both the 15 nt and the long target substrates contain identical Rz14 binding sites. It is worth noting that an ∼10-fold excess of Rz14, as compared to Rz15, is needed in order to obtain comparable in vitro cleavage activity of long target RNAs.
According to many analyses, including the present study, it appears that the rate-limiting step with longer target RNAs is not the cleavage step, but the formation of active ribozyme/substrate complex (14, 17, 20) . Such active complexes are more likely to be formed rapidly with Rz15 and Rz18 as compared to Rz14.
To further support our experimental data with a working model, the most stable secondary structure of IL-2 was predicted using the MUL-Fold program (21) . Figure 4A shows the potential thermo-dynamically stable IL-2 mRNA structure surrounding the target site. Notably, in this structure, the 15 nt IL-2 site (nt in bold) is predicted to form a base pairing interaction with the neighbouring sequences. In addition, the nucleotides C and CAA (as indicated by asterisk) are present in single stranded loop regions. These nucleotides are crucial for hammerhead ribozyme cleavage of long target RNAs, since complementary bases 5′G or 5′G and 3′GUU present in Rz15 or in Rz18, respectively, were found to increase both their binding and catalytic activity. Interestingly, two other versions of Rz14 with 5′ G and 3′ GU or with 5′ G and 3′Gaa (only the G base pairs with the IL-2 target site) cleaved the 500 and 800 long target RNA with more efficiency as compared to the Rz14. In contrast, a version of Rz14 with 3′aaa showed the same cleavage activity as the Rz14. These results indicate that there is a correlation of the cleavage activity versus singlestrandedness of the target site that base pairs with the hammerhead ribozyme. Furthermore, they suggest that hammerhead ribozyme annealing may depend on an end-invasion event.
In general the masking of a particular ribozyme cleavage site via double stranded regions could be a problem if the site represents, for example, a disease causing mutation. Such a problem can be resolved, as shown here, by extending the ribozyme antisense arms to include single-stranded loops. Enhancement of hammerhead ribozyme cleavage activity in vitro by oligodeoxynucleotides called 'facilitators' was reported by Goodchild (22) . These types of facilitators unconnected to the hammerhead ribozyme may not have much effect in the cell, since the reaction would involve a trimolecular interaction rather than the current bimolecular one.
In the cell efficiency of IL-2 hammerhead ribozymes correlates with their in vitro cleavage activity of long target RNA substrates In order to see whether a correlation between the in vitro cleavage activity and intracellular activity of the IL-2 hammerhead ribozymes exist, we investigated their in vivo potency. In this study hammerhead ribozymes were gel purified and their concentration was estimated by both measurement of absorbency at 260 nm as well as by polyacrylamide gel quantification using known RNA concentrations. Data presented in Figure 5 indicate that the Rz14 is significantly less active as compared to Rz15 and Rz18. In the first step of target RNA recognition, the hammerhead ribozyme forms partially duplex RNA with its target sequence and functions as conventional antisense. Such duplexes are also formed by the inactive hammerhead ribozymes, thus providing explanation for their intracellular effects upon IL-2 gene expression (Fig. 5) .
Taken together, the data supports the conclusions regarding the masking of the IL-2 targeted site within secondary structure in the longer substrates (e.g. mRNA). This prediction is more likely to be correct. However, if we envisage that the IL-2 site is not present within a secondary structure, although more unlikely, the data would also support the notion that elongation of the antisense arms, increases the catalytic activity of the hammerhead ribozyme against longer substrates. Antisense arms with optimal length that allow equilibrium between free and ribozyme-bound prior to cleavage step will be more suitable, because they would increase specificity.
A number of observations suggest that the low binding energy of R14 to its target site, provided it is linear (unstructured), may not be a problem in the cell as many crucial cellular RNA/RNA interactions were found to involve short base-pairing interactions. In the case of pre-mRNA splicing, such weak interactions are stabilized by protein factors that exist in eukaryotic cells (23) . In this connection an IL-2 hammerhead ribozyme specific binding peptide, selected from random peptide phage libraries, was found to stabilize the binding of the Rz14 to the 15 nt RNA substrate in vitro (M.Sioud, manuscript in preparation). In the presence of optimum peptide concentration the cleavage activity of the Rz14 became maximal at 37_C as compared to 33_C in the absence of peptide. This observation further underlies the important interplay between proteins and RNA catalysis in general (11, 14) . In conclusion, our data would facilitate the design of hammerhead ribozymes targeted to structured RNA sites. As shown, facilitation of the hammerhead ribozyme to bind long target RNA can be achieved by the extension of the hammerhead ribozyme antisense arms to cover single stranded loops. In addition, the structured 15 nt site should be used as a model to explore strategies for enhancing Rz14 binding to long target RNA. Finally, the design of an active IL-2 ribozyme may well have therapeutic applications, since IL-2 is frequently found to be involved in autoimmune disorders. In this connection, for example, it was shown that transgenic mice expressing constitutive levels of IL-2 in islet β cells developed massive inflammatory response directed at the β cells of the pancreas (24) . Although clinical use of hammerhead ribozyme will be more likely to rely upon synthetic genes, in which ribozymes are synthesised continuously within target cells (5), the Rz18 delivered to mice with the use of cationic liposomes can be recovered in active form within total RNA prepared from peritoneal cells 40 hours post-intraperitoneal injection.
